Mechanisms of tissue damage in Huntington's disease involve excitotoxicity, mitochondrial damage, and inflammation, including microglia activation. Immunomodulatory and anti-protein aggregation properties of tetracyclines were demonstrated in several disease models. In the present study, the neuroprotective and anti-inflammatory effects of the tetracycline doxycycline were investigated in the mouse model of HD disease R6/2. Transgenic mice were daily treated with doxycycline 20 mg/kg, starting from 4 weeks of age. After sacrifice, histological and immunohistochemical studies were performed. We found that doxycycline-treated R6/2 mice survived longer and displayed less severe signs of neurological dysfunction than the saline-treated ones. Primary outcome measures such as striatal atrophy, neuronal intranuclear inclusions, and the negative modulation of microglial reaction revealed a neuroprotective effect of the compound. Doxycycline provided a significantly increase of activated CREB and BDNF in the striatal neurons, along with a down modulation of neuroinflammation, which, combined, might explain the beneficial effects observed in this model. Our findings show that doxycycline treatment could be considered as a valid therapeutic approach for HD.
Introduction
Neurodegeneration of striatal projection neurons is the main event in the pathology of Huntington's disease (HD). Although the gene was discovered in 1993, many mechanisms determining neuronal death have been involved over the years. In the last decade, the role of neuroinflammation has gained momentum.
Inflammation is a physiological response aimed at repairing damaged tissue in several different conditions. Indeed, inflammation is designed to initiate healing processes, and thus protect the organism [1, 2] . A major role in central nervous system is played by microglia. Activated microglia is able, in fact, to produce large quantities of dangerous compounds such as prostaglandin E2 (PGE2), nitric oxide (NO), and cytokines like tumor necrosis factor-a (TNF-a), interleukin-1 b (IL-1 b), and interleukin 6 (IL-6) that participate in the pathological processes through the activation of nuclear factor-K B (NF-k B), leading to neurodegeneration [3, 4] .
Thus, the inhibition of aberrant microglial activation through a reduction of pro-inflammatory factors could be desirable, in the effort of halting neuronal degeneration, in diseases such as HD and other neurodegenerative disorders. One of the emerging pharmacological approaches aimed at reducing neuroinflammation involves the use of tetracyclines [5, 6] .
The interest for tetracyclines in neurodegenerative diseases originated from the discovery of their anti-amyloidogenic activities about 20 years ago [7, 8] . It was, indeed, widely demonstrated that tetracyclines can inhibit the aggregation of both prion protein (PrP) and β-amyloid peptide. In addition, they enhance their sensitivity to protease digestion, thus favoring their degradation. In vitro experiments show that tetracyclines prevent PrP 106-126-mediated neurotoxicity and astroglial proliferation [8] . In vivo studies, on the other hand, demonstrated that tetracyclines reduced infectivity, delayed the onset of pathology, and prolonged survival of Syrian hamster infected with the pathological form of PrP [9] [10] [11] .
The immunomodulatory properties of tetracyclines were clearly demonstrated in various conditions (reviewed in [12] ). In this study, we will focus our attention on doxycycline, a second generation tetracycline endowed with both anti-amyloidogenic and anti-inflammatory effects, with a more favorable BBB penetration and a safer toxicological profile. Immunomodulatory properties of tetracyclines were demonstrated in diseases such as experimental autoimmune encephalomyelitis (EAE) and focal ischemia [13] [14] [15] .
More recently, Balducci and coworkers [16, 17] demonstrated that doxycycline could counteract the deleterious actions of β-amyloid oligomers (AβOs), recognized as the main detrimental species of Alzheimer's disease (AD), on memory. Such effect was associated with an anti-inflammatory action in both an AβO-induced acute mouse model, and in the APP/ PS1dE9 chronic mouse model of AD.
Doxycycline has also been investigated in neurodegenerative diseases involving clinical studies. Indeed, it was observed that early Creutzfeldt-Jakob disease patients treated with doxycycline survived longer [18] [19] [20] . Moreover, our group is currently performing a 10-year preventive clinical trial in subjects at genetic risk of developing the prion disease fatal familial insomnia. Furthermore, positive outcomes were also observed in multiple sclerosis patients treated with a combination of interferon-β and doxycycline [21] .
Thus, based on all this encouraging evidence, we aimed at investigating the possible action of doxycycline in the R6/2 mouse model of HD. The compound had already been tested in a previous study [22] , yielding, however, to rather disappointing results. Here, we evaluate the efficacy of doxycycline on multiple core therapeutic targets in the effort of better understanding the therapeutic potential of doxycycline in HD as well as the possible mechanisms of neuroprotection involved.
Materials and Methods

Animals
All animal experiments, which satisfy ARRIVE guidelines, were performed in accordance with European Communities Council Directive (2010/63 EU) as adopted by the Santa Lucia Foundation Animal Care and Use and approved by Italian Ministry of Health. Transgenic female R6/2 mice carrying the mutant human HTT exon 1 which determine the abnormal expanded CAG repeats were kept in coupling with B6CBAF1/J males, all obtained from Jackson Laboratories (Bar Harbor, ME). Animals were pathogens free, including common pathogens such as Helicobacter. F1 mice were used to perform all experiments. Genotyping occurred at 21 days of age, mice were weaned and the treatments started.
Treatment Schedule
Wild type and R6/2 mice (13 mice/per experimental group) were treated intraperitoneally with either vehicle (0.9% saline) or doxycycline dissolved in saline (20 mg/kg/day). Doxycycline was administered twice a day until sacrifice, at the concentration of 10 mg/kg in order to ensure the persistent presence of the antibiotic. Animals were identified by a randomly assigned code and housed 4 per cage under conventional laboratory conditions (room temperature 20 ± 2°C; humidity 60%) and a 12/12 h light/dark cycle (7:00 am-7:00 pm) with ad libitum access to food and water. All the experimental data were collected by observers who were blinded to genotype and treatment.
Survival and Weight
The survival study, according to Hersch and Ferrante [23] , was conducted following the criterion for euthanasia which is the point when animals were not able to right themselves after 30 s when placed on their side. All experimental mice were weighed twice a week starting from the beginning of treatment until sacrifice. Their weight was recorded and weight variations were calculated and plotted. Day 28 represents the first day of the 4th week from the beginning of treatment.
Behavior
Clasping R6/2 mice exhibit a hind-limb clasping phenotype when suspended by the tail. The clasping phenotype has been extensively studied and used to recognize the neurological impairment in HD mice, and it is considered a measure of disease progression. Mice were suspended by their tail for 60 s. The total time spent clasping the hind-limb was recorded twice weekly.
Rotarod The five-station rotarod performance test (Rotarod/ RS LSI Letica, Biological Instruments, Varese, Italy) was used to estimate mouse motor coordination and balance. Tests were performed by placing mice on a horizontally rotating rod, which is low enough to prevent animal damages, but high enough to induce the fall. Mice performed rotarod test twice weekly from 4th to 13th weeks of age. Three-trial measurements on the rod for their latency or fall were recorded. A maximum latency of 60 s was defined for mice that did not fall.
Open Field Motor activity and anxiety were measured in an open field consisting in a circular arena with a 60 cm diameter and a white floor divided into central and peripheral areas by drawing black line. The open field measurements were performed in a soundproof room illuminated by an 80-W red ceiling light. The video camera on the arena was connected to a video recorder of a computer placed in the next room. Mice were placed into the arena for 10 min, while distance traveled and velocity were recorded and analyzed by a specific software (Noldus, Wageningen, the Netherlands).
Primary Neurodegeneration Outcomes
Analysis of Gross Striatal Area and Volume Standard Nissl staining was performed on coronal step serial sections from rostral neostriatum through the level of anterior commissure (interaural 4.66 mm/bregma 0.86 mm to interaural 3.34 mm/ bregma − 0.46 mm) from 6 animals per group. Gross striatal volume was measured using Neurolucida Stereo Investigator software (Zeiss, Cochester, VT, USA) running the Cavalieri estimator probe.
Evaluation of NIIs Number and Size
All brain sections were processed for single label EM-48 ubiquitin (Chemicon, Temecula, CA) immunofluorescence and counterstained with Neurotrace™ to calculate the number of neurons containing intranuclear inclusions (NIIs). The nucleus of each neuron was examined to ascertain the presence of NIIs. All neurons in each hemisphere for each brain section of all mice (n = 13/treatment group) were analyzed to determine the number, intensity of immunofluorescence and size of NIIs in the striatal neurons in both saline and doxycycline-treated R6/2 mice (wild-type littermates did not show NIIs-like ubiquitin immunoreactivity, data not shown). Images were acquired with a 40× and 63× objective on a confocal laser scanner microscopy (Zeiss LSM 800) under no saturating exposure conditions. The same acquisition setting was performed for each sample.
Microglial Morphology
Microglial morphology was studied by immunostaining brain sections with an antibody labeling microglia (1:500 goat anti-Iba-1 from Bionovus). Striatal brain sections were incubated with the primary antibody for 72 h at 4°C, followed by incubation with the secondary antibody for 2 h at room temperature. Images were acquired with confocal laser scanner microscopy (Zeiss LSM 800) in order to perform soma size analysis. Microglia cells in the area of interest were captured using a 40× objective producing images in the format 1024 × 1024, and Airy Units 1.0. This configuration was used for all samples. Collected images were exported in TIFF format, brightness and contrast were adjusted. The protective or toxic phenotype was characterized by using 63× Z-stack images, performing the school analysis available in the Java image processing and analysis program ImageJ version 8. The Iba-1 immunostained area was calculated ad Iba-1 area/total area analyzed and indicated as percentage.
Immunofluorescence Analysis
Brain tissue sections were incubated with primary antibodies for 72 h at 4°C, followed by incubation with secondary antibodies for 2 h at room temperature. Neurons were counterstained for their visualization with Neurotrace™. The primary antibodies used were anti-pCREB (1:200 polyclonal pCREB, Millipore, Italy), BDNF (1:200 polyclonal anti-BDNF, Novus Biologicals, Italy), GFAP (1:600 polyclonal anti-GFAP, Millipore, Italy), and PSD95 (1:100 mouse anti-PSD95, Fig. 1 Survival and weight in R6/2 mice treated with doxycycline or saline. a Kaplan-Meier curve of survival. R6/2 mice treated with doxycycline showed a mean survival time that was significantly (p < 0.001) longer than that of R6/2 mice treated with saline. b A three-way ANOVA shows a significant effect of genotype (F 1,140 = 579.5; p < 0.0001), treatment (F 1,140 = 15.13; p < 0.01), time (F 9,140 = 61.23; p < 0.01), and a genotype × treatment × time interaction (F 1,140 = 58.15; p < 0.001) in the weight of R6/2 mice treated with doxycycline Abcam, Italy). The secondary antibodies used were Alexa Fluor 488 and Alexa Fluor 555 (Jackson). Brain sections all at the same bregma level were mounted on gelatin-coated slices, cover slipped with GEL-MOUNT. Samples were examined with the support of confocal laser scanner microscopy (Zeiss LSM 800), images were acquired and subsequently analyzed to quantify the immunofluorescence intensity of phosphorylated CREB and BDNF, as well as the number of PSD95-and GFAP-positive cells. Phosphorylated CREB and activated BDNF immunofluorescence quantification was carried out by using the Java image processing and analysis program, ImageJ version 8. We selected cells of interest using a circle selection tool. From the Analyze Menu Set measurement, we selected "Mean Grey Value," "Area," and "Min&Max Grey Value." The region next to cells with no fluorescence was considered "background" and subtracted.
Finally, the "Measure" tool was selected from the Analyze menu and a mean value was obtained.
GFAP and PSD95 positive cell count was performed using images acquired at the confocal laser scanner microscope (Zeiss LSM 800). For each section, the striatum was subdivided in five representative fields using × 40 and × 63 magnification for GFAP and PSD95 under non saturating exposure conditions and using the same acquisition settings for all samples. Gain and laser power were selected at specific value to allow optimal visualization of the fluorophore used as secondary antibody and standardized using sections from wild-type mice. These settings were applied as standard for subsequent images. Using a 63× objective, Z-stacks images of GFAP were collected using computer controlled microstepper stage of the confocal microscope to quantify the area of GFAP positive cells. The GFAP immunostained area was calculated as GFAP immunostained area/the total area analyzed and indicated as staining percentage area.
Statistical Analysis
The data collected were analyzed to compare the effect of doxycycline on weight, clasping, rotarod, open field as well as NIIs percentage, pCREB, BDNF, GFAP, PSD95, and Iba-1 expression in the striatum of differently treated mouse groups. Statistical analysis was performed by ANOVA available on the software GraphPad Prism version 8.0. p values < 0.05 were considered statistically significant. Survival data were analyzed by means of a product limit method of Kaplan and Meier and p value was set at 0.001 for significant results.
Results
Doxycycline Increases R6/2 Mouse Survival and Reduces Weight Loss
Doxycycline treatment promoted a longer survival of R6/2 mice, as shown by the Kaplan-Meier curve. In our study, R6/2 mice were followed weekly until death. Saline-treated R6/2 mice, expressed as a percentage of survival, died between days 84 and 91, whereas wild-type mice and doxycycline-treated R6/2 survived 2 weeks longer as shown in Fig. 1a .
The effect of treatments and genotype on mouse weight is illustrated in Fig. 1b . The differences among groups were not significant until 10 weeks of age. At 11 weeks, wild-type mice treated with saline weighed 32 ± 0.50 g and were not significantly different from wild type treated with doxycycline. In the fully symptomatic stage, R6/2 mice receiving saline showed a major weight loss (weighing 17 ± 0.85 g), while 
Doxycycline Improves Neurological Deficits in R6/2 Mice
Clasping Paw clasping occurred only after 8 weeks of age in R6/2 mice. Figure 2a shows that the time spent clasping was significantly less in the doxycycline-treated mice than in the saline group, genotype × treatment F 1,560 = 47.60 p < 0.001. Clasping is absent in saline or doxycycline-treated wild-type mice as shown in the graph. In saline-treated R6/2 mice, the clasping phenotype was significantly evident at 8 weeks of age and then developed progressively reaching the maximal levels by 13 weeks of age, when the mice are fully symptomatic. Doxycycline-treated R6/2 mice developed later the clasping response, which was significantly reduced in the later stages of the disease, with respect to saline-treated R6/2 mice (time × treatment F 9,560 = 120.4 p < 0.001).
Motor Behavior
Motor behavior performances of mice were evaluated by rotarod apparatus. R6/2 mice had a statistically significant Fig. 3 Open field task in R6/2 mice treated with doxycycline. Graphs show motor activity data collected in the open field task including the total distance traveled and speed of locomotion in the arena. a R6/2 mice traveled a shorter distance compared to wild-type mice (genotype effect with F 1,560 = 54.79; p < 0.0001), which was recovered in doxycycline-treated R6/2 mice. b Histograms show mouse speed in the open field. As observable R6/ 2 mice display a significant lower speed compared to wild-type mice. Doxycycline treatment rescued R6/2 speed (significant genotype × treatment interaction F 1,11 = 79.78; p < 0.001) until 12 weeks of age impairment in motor coordination compared to wild-type mice F 1,560 = 296.6 p < 0.0001; the three-way ANOVA showed a significant improvement of motor performance F 1,560 = 81.25 p < 0.0001 (Fig. 2b) after doxycycline treatment in R6/2 mice.
Motor activity was further investigated in the open field task (Fig. 3a, b) , including the total distance traveled and speed of locomotion in the arena. R6/2 mice traveled a shorter distance at a lower speed than wild-type mice (genotype effect F 1,560 p < 0.001).
Conversely, doxycycline treatment was able to promote the rescue of motor performances in a genotype-dependent fashion (significant genotype × treatment interaction F 1,560 = 144.1 p < 0.001), traveling a longer distance respect to saline-treated R6/2 (treatment × genotype F 1,560 = 58.71 p < 0.001). c Histograms are mean ± SEM of striatal volume quantification. R6/2 mice treated with saline had a statistically significant reduced striatal volume compared to wild type. Striatal volume of R6/2 mice treated with doxycycline was significantly greater than that of saline-treated R6/2 mice F 1,16 = 23.45 p = 0.0002 Fig. 5 Doxycycline reduces NIIs number, immunostaining intensity and size in R6/2 mice. Two-way ANOVA analysis performed on data obtained by saline-and doxycycline-treated R6/2 mice (n = 8 female and n = 5 male mice for each group; 4 brain sections for mice) revealed a statistically significant effect of treatment on NIIs number, intensity and size. Bonferroni analysis showed a significant decrease of NIIs number (p < 0.001), intensity (F 1,48 = 59.67; p < 0.01) and size in mice treated with doxycycline respect to saline-treated R6/2 mice (F 1,48 = 60.82; p < 0.001) b Doxycycline Reduces the Extent of Neuropathology in R6/2 Mice Striatal Area Stereology analyses showed that the striatal area of saline-treated R6/2 mice was smaller than wild-type animals (with an average area of 1000 μm 2 compared to 5454 μm 2 of the wild-type littermates). Treatment of R6/2 mice with doxycycline prevented striatal area reduction (4026.98± 0.38 × 10 5 μm 2 ) as shown in Fig. 4b (p < 0.017).
Striatal Volume
The gross striatal volume of vehicle treated R6/2 mice was strongly reduced compared to their wild-type littermates (Fig. 4c ). The mean striatal volume was 5.18± 0.27 × 10 7 μm 3 in the saline-treated R6/2 mice, whereas it was 10.01± 0.20 × 10 7 μm 3 in the wild-type animals. The striatal volume of doxycycline-treated R6/2 mice was 7.98± 0.20 × 10 7 μm 3 (p < 0.0022).
Doxycycline Reduced NIIs in the R6/2 Striatal Neurons
The expression of exon1 of mutant huntingtin in the R6/2 mice results in the formation of neuronal intranuclear inclusions (NIIs) detected with the antibody EM-48. The analysis of EM-48 immunofluorescence in the striatal brain region of 13-week-old R6/2 mice treated with doxycycline, counterstained with Neurotrace™, showed that the number of NIIs was significantly reduced compared to the saline-treated group (Fig. 5) . Moreover, the analysis of all doxycyclinetreated R6/2 mice revealed that the intensity of NIIs immunoreaction and its area were decreased compared to that of saline-treated mice (Fig. 5a, b high magnification) . This strong reduction in the number and size of EM-48 immunoreactive NIIs confirmed that daily administration of doxycycline reduced the development of neuronal inclusions in R6/2 mice.
Doxycycline Prevented the Decrease in CREB Activation in
Striatal Neurons of R6/2 Mice Indeed, we observed that doxycycline-treated R6/2 mice displayed a significantly higher expression of phosphorylated CREB (pCREB) in the surviving spiny neurons of R6/2 mice. The intensity of pCREB, expressed in arbitrary units, was, indeed, significantly lower in the saline-treated R6/2 mice compared to wild-type littermates with a genotype effect F 1,48 = 49.56 p < 0.0001, [24] [25] [26] . In contrast, pCREB immunoreactivity was significantly more intense in doxycycline-treated R6/2 compared to the saline-treated R6/2 mice with a significant treatment effect F 1,48 = 22.36 p < 0.0001 and a significant genotype × treatment interaction F 1,48 = 10.48 p < 0.001 as shown in Fig. 6 .
Doxycycline Prevented BDNF Expression Reduction in R6/2
Mice We investigated the effect of doxycycline treatment on BDNF protein expression in the striatum of R6/2 mice. BDNF is a CREB target gene, therefore we aimed at verifying if the above described increase of pCREB was associated with an upregulation of BDNF. As shown in Fig. 7 , doxycyclinetreated R6/2 showed a significantly higher BDNF protein expression as compared to R6/2 mice receiving saline (Fig. 7) Doxycycline was, therefore, effective in preventing the well described loss of BDNF in HD [27] . Two-way ANOVA indicated a significant effect of genotype F 1,48 = 18.87; p < 0.001, a significant treatment effect F 1,48 = 53.63; p < 0.001 and a significant genotype × treatment interaction F 1,48 = 56.31; p < 0.001.
Doxycycline Prevented PSD95 Protein Reduction in R6/2 Mice
In order to examine whether doxycycline could protect synapses, we investigated the expression of the post-synaptic marker PSD-95, through immunofluorescence. As shown in Fig. 8 , we found that doxycycline-treated mice significantly retain the expression of PSD95 compared to the saline-treated one indicating the ability of doxycycline to preserve synapses in R6/2 mice; (n = 4, mean ± SEM, p < 0.05).
Doxycycline Reduced Microglia Activation in R6/2 Mice Iba-1 immunofluorescence was performed to address the different activation stages of microglia. Wild-type mice treated with saline or with doxycycline displayed a ramified or primed microglia which show a bigger cell body but with the similar ramification of ramified microglia. The presence of dystrophic microglia in the wild-type mice can be attributed to the aging/ senescence process. Moreover, we can also expect that the chronic treatment with saline or doxycycline can be related to a partial state of inflammation (Suppl.1). The immunostaining for Iba-1 in the saline-treated R6/2 group revealed an intense microglial reaction, where microglial cells appeared numerous and displayed an amoeboid cell body in which are still present few ramified or unramified processes (Fig. 9c ). Microglial reaction appeared markedly attenuated in doxycycline-treated R6/2 mice, with fewer reactive Iba-1 positive cells and a smaller circular cell body with a ramification pattern that suggest a resting phenotype (Fig. 9d ). Moreover, we investigated, through GFAP immunohistochemistry, the astrocytic reaction in saline or doxycycline-treated R6/2 mice. Statistical analysis revealed that the higher degree of astrocytosis observed in R6/2 mice treated with saline compared to wild-type mice was not modified by doxycycline administration; (Fig. 9g, h) . Fig. 6 Doxycycline induces neuroprotection in R6/2 mice. Images are confocal laser scanning microscopy acquisitions of double-label immunofluorescence for pCREB (visualized in red-Cy3 fluorescence) and the Nissl-like fluorescent marker Neurotrace (visualized in green fluorescence). Collected images show the effect of doxycycline administration in R6/2 mice striatal neurons (n = 8 female and n = 5 male mice for each group; 5 brain sections for mice). Histograms show pCREB quantification thus the significant effect of doxycycline (p < 0.001) in promoting neuronal protection. Doxycycline treatment had no effect in wild-type mice. (F 1,48 = 22.36; p < 0.001)
Discussion
The sum of our data show that administration of doxycycline is protective in the R6/2 mouse model of HD in terms of survival, motor performance, and neuroprotection. Of note, the positive effects induced by doxycycline were associated to a significant decrease in the extent of microglial activation. R6/2 mice treated with doxycycline lived significantly longer and displayed healthier conditions compared to salinetreated mice. At a functional level, we show that doxycycline significantly delayed the onset and the severity of motor dysfunctions in R6/2 mice tested on rotarod and in the open field. This effect is compelling, when one considers that motor activity recovery is a vital therapeutic target in HD.
At a neuropathological level, we found that doxycycline significantly reduced the number of NIIs in R6/2 striatal neurons. The ability of doxycycline to drastically reduce Fig. 8 Doxycycline prevents post-synaptic modification in R6/ 2 mice. a-d High magnification (× 63) representative confocal images show PSD95 immunostaining in all experimental groups (scale bar 10 μm) (n = 2 female and n = 2 male mice for each group; 3 brain sections for mice). d Analyzed data revealed that doxycycline was able to retain the expression of PSD95 in the R6/2 mice when compared to R6/2 treated with saline F 1,12 = 2.774 p = 0.022. Histograms are mean ± SEM of PSD95 quantification Fig. 7 Doxycycline significantly prevents BDNF decrease in R6/2 mice. Images are confocal acquisitions of double-label immunofluorescence for BDNF and Neurotrace. BDNF is showed in red CY-3 fluorescence, Neurotrace is labeled in green. Images show the immunoreaction intensity relative to BDNF in each experimental group. BDNF intensity is drastically decreased in the striatal neurons of R6/2 mice treated with saline F 1,48 = 27.57 p < 0.001, but significantly higher, and comparable to wild-type mice, in R6/2 mice treated with doxycycline F 1,48 = 18.96; p < 0.001 (n = 8 female and n = 5 male mice for each group; 5 brain sections for mice). Histograms are mean ± SEM of BDNF quantification Fig. 9 Doxycycline reduces microglial activation, but had no effect on astrogliosis. a Representative confocal images showing the distribution of microglia in the four experimental groups (n = 8 female and n = 5 male mice for each group; 5 brain sections for mice). b Significantly lower microglia count was recorded in the doxycycline-treated R6/2 mice with respect to the saline-treated one: F 1,24 = 9747 p < 0.001. c Analyzed collected data revealed a significant reduction of microglia area in the R6/2 mice treated with doxycycline with respect to saline-treated R6/2 mice F 1,24 = 239.1 p < 0.001. d Higher magnification representative confocal images showing the soma size of Iba-1 positive cells in R6/2 saline-(left panels) or doxycycline-treated mice (right panels). e Representative confocal images showing the distribution of astrocytes in the four experimental animal groups. Student T test analysis showed that GFAP positive cells (astrocytes) increased significantly in the saline-treated R6/2 mice compared to wild-type littermates: F 1,24 178.5 p < 0.001 and doxycycline had no significant effect on both number (f) and soma's size (g-h) F 1,24 = 0.5264, F 1,24 = 0.2829 p = 0.5997 respectively aggregation of huntingtin exon 1 at a concentration of 30 μM was previously shown in organotypic slice culture [22] . However, we speculate that the protective effects in R6/2 HD mice might not reside exclusively in an effect on aggregation. Likely, the anti-inflammatory effect might be most relevant, as previously demonstrated in Alzheimer's disease mouse models [16, 17] . This effect is confirmed in the R6/2 mouse model of HD as per the evidence that doxycycline drastically reduced the number and activation of microglial cells.
At a cellular level, we also proved the ability of the drug to positively modulate CREB activity and the expression of BDNF. The vulnerability of medium spiny neurons of the striatum to Huntington's disease degeneration is postulated to be caused by a transcriptional dysregulation of cAMP and CREB signaling cascades.
Indeed, a downregulation of CREB-mediated transcription has been hypothesized to contribute to neuronal loss in HD [28] [29] [30] [31] . In addition, a decreased transcription of CREBregulated genes occurs in HD mouse models [29, 32, 33] . Therefore, preventing the decreased cAMP signaling and loss of CREB-regulated gene transcription represents a valid therapeutic strategy for HD [25] .
Mutated huntingtin has been shown to interfere with some polyglutamine containing transcription factors. In particular, the detrimental interaction with CREB-binding protein (CPB) was described earlier [34] . Notably, in our study, doxycycline promoted cell survival and was associated with an upregulation of phosphorylated CREB. CREB induces transcription of about 4000 target genes, including genes regulating apoptosis [35, 36] . Indeed, a disruption of signaling cascades plays a key role in the pathology caused by mutant huntingtin in both transgenic mice and HD patients. One of the key downstream mediators in this regard is BDNF, a principal neurotrophic factor for both striatal and cortical neurons. Interestingly, among the target genes, BDNF is the most affected in HD [27] .
A distinct involvement of BDNF was demonstrated in the pathophysiology of HD, where a loss of huntingtin-mediated BDNF gene transcription was described both in animal models and in patients [27] . Moreover, BDNF knockout mice display an earlier age of onset and more severe motor symptoms [37] . Conversely, BDNF administration proved to be beneficial in several disease models [ [38, 39] ) including HD ( [40, 41] ).
These data support the evidence that BDNF plays a role in the discrete degeneration of striatal projection neurons in HD. Lower serum levels of BDNF were described in HD patients compared to controls, and the severity of clinical signs negatively correlated with levels of BDNF [42] .
In the present study, we found that R6/2 mice treated with doxycycline displayed a higher expression of BDNF. We interpret the higher CREB phosphorylation and BDNF expression observed in our study to be, at least in part, due to the activation by doxycycline of pro-survival mechanisms. Of note, while CREB phosphorylation promotes an increase in BDNF, we have previously shown that also BDNF administration, possibly by a positive feedback mechanism, results in an increased CREB phosphorylation [40] .
It is conceivable that all these positive neuronal changes, some of which could be also attributed to the lower transgene expression, together with the decrease in microglial activation, mediated by doxycycline, participate to rescue neuronal activity [43] . Moreover, the potential effects of doxycycline on the gut microbiome could be taken into account when speculating on the beneficial action of the compound. Indeed, a gut dysbiosis occurs in Huntington's disease ( [44] ); thus, an influence of antibiotics on the HD phenotype could be expected.
Another tetracycline, namely, minocycline, was previously demonstrated to be neuroprotective in several models of disease ( [45] ) and was also tested in HD models ( [46, 47] ), mainly for its anti-apoptotic properties, and secondarily for its antiinflammatory activity. In the study by Chen and coauthors (2000) , the administration of minocycline was associated with the delay of disease progression. In a subsequent study [22] , as mentioned before, the inhibition of aggregation of mutated huntingtin by minocycline and doxycycline was not associated with beneficial effects in terms of behavioral abnormalities. The debate about effects of tetracyclines, however, has continued for several years, with some authors still affirming their neuroprotective effects ( [47] [48] [49] ).
Indeed, the study by Smith and coauthors (2003) measuring the effects of doxycycline in the R6/2 mice had led to disappointing results. However, the route of administration used in that study was different, since they used doxycycline orally instead of IP. The expected brain levels of doxycycline, according to the study by Lucchetti et al. [50] , are of 0.22 μg/g [50] . This could possibly explain, at least in part, the discrepancy in the outcomes. In addition, the 2003 study lacked measurements of survival, which we found to be significantly elongated by the treatment, and a series of other primary outcome measures, that we found to be positively changed by doxycycline in our study. In fact, the neuronal size and number was significantly higher in R6/2 treated with doxycycline, and the number and size of NIIs were significantly decreased.
Further support to the neuroprotective action of doxycycline comes from the evidence that PSD-95 immunoreactivity in the striatum of the wild type and of the R6/2 mice treated with doxycycline were higher than R6/2 mice treated with saline.
PSD-95 is an important scaffolding protein in the postsynaptic density (PSD) of dendritic spines. Here, PSD-95 stabilizes glutamate receptors at the sites of synaptic transmission. Moreover, PSD-95 forms ternary protein complexes with D1 and NMDA receptors, and plays a role in limiting the reciprocal potentiation between both receptors from increasing excessively. Mice lacking PSD-95, resulting from genetic deletion of the GK domain of PSD-95, develop a progressive neurological syndrome that includes hypolocomotion, limb clasping, and from a histological point of view, major loss of spiny projection neurons. Therefore, a protective role for PSD-95 was suggested [51] .
Taken together, our data strongly indicate that doxycycline can be considered as an attractive candidate compound for HD, benefitting from its long history of safe use in clinical settings. Therefore, it could speedily bypass many of the early safety trials and pass rapidly into routine clinical use.
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